We demonstrate how the two dominant constituents of the Universe, dark energy and dark matter, could possess a large scattering cross-section without considerably impacting observations. Unlike interacting models which invoke energy exchange between the two fluids, the background cosmology remains unaltered, leaving fewer observational signatures. Following a brief review of the scattering cross-sections between cosmologically significant particles, we explore the implications of an elastic interaction between dark matter and dark energy. The growth of large scale structure is suppressed, yet this effect is found to be weak due to the persistently low dark energy density. Thus we conclude that the dark matter-dark energy cross section may exceed the Thomson cross-section by several orders of magnitude.
I. INTRODUCTION
One of the most pressing issues in modern physics lies in the classification of dark energy. This is a phenomenon which not only appears to provide the bulk of the Universes energy content, but also gravitates in a repulsive manner, unlike any known substance. Prime candidates include the cosmological constant, scalar fields, and modifications to Einsteins theory of gravity.
The first step in observationally distinguishing these models involves studying the cosmic geometry, since the cosmological constant makes a strong predictive statement on the trajectory of the cosmic expansion. Over the past decade, progress in this area has seen the redshift-distance relation tested by supernovae and Baryon Acoustic Oscillations (BAO) with a precision approaching ∼ 1%. This translates into a bound on the dark energy equation of state w −1 ± 0.1, where w ≡ p/ρ.
However, studying the expansion history alone is insufficient if we are to ever definitively exclude either scalar fields or modified theories of gravity. Therefore it is also of great importance to examine the growth of cosmic structure, an area which is attracting growing attention. This can be measured through various means such as redshift space distortions and weak gravitational lensing, though current constraints are relatively modest.
In performing this diagnosis of dark energy, we have implicitly been assuming that the physics within the dark sector of cosmology -dark matter and dark energy -is purely gravitational. Yet what limitations can we place on their physical behaviour? While the precise nature of any microphysics is highly uncertain, the broader picture is one in which energy may be transferred either from dark energy to dark matter, or vice versa. Cosmologies with energy exchange have been extensively studied in the literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , and have been shown to leave characteristic signatures within observables such as the Inte- * frgs@roe.ac.uk grated Sachs Wolfe effect, the Hubble constant H 0 , and the growth of cosmic structure. Here we present a new class of models which don't leave as clear a cosmological signal as those which invoke energy exchange, since the comoving matter density remains fixed, and the background expansion is unaltered. Yet as we shall see, the growth of structure is readily suppressed by a drag term arising from elastic scattering between the dark matter and dark energy fluids.
II. CROSS SECTIONS
In general, an interaction between two particles may impart a transfer of momentum, a transfer of energy, or lead to the creation of new particles. Which of these might we expect to arise from the dark matter -dark energy interaction? Slow, low energy impacts (such as Thomson scattering and Rutherford scattering) often maintain elasticity, while relativistic velocities are more readily associated with inelastic events (such as Compton scattering and deep inelastic scattering). Given the extremely low dark energy density, and the nonrelativistic velocities associated with dark matter motions, elastic scattering appears the simplest and most natural extension to dark sector physics. We need not restrict ourselves to a particular physical model of dark energy, as the results obtained are largely independent of the microphysics involved in the scattering process.
The likelihood of scattering is quantified in terms of the cross section, which may be thought of as the effective target area as seen by an incident particle. We shall look to impose an upper bound on the scattering crosssection for dark matter -dark energy interactions, and place this within the context of other cross-sections. Figure 1 reviews the scattering cross-sections for a selection of cosmologically significant particles, which we briefly review in the subsections below. Many of these interactions exhibit a strong energy dependence, so in order to provide definitive values we adopt a cosmologically appropriate energy scale of 0.3 eV, corresponding to thermal collisions at the epoch of recombination (z ∼ 1100). One should also bear in mind that even with a fixed energy scale, interactions may exhibit a significant dependence on other factors such as spin or environment. Thus for simplicity, and to facilitate a visual comparison, we focus on order of magnitude values.
A. Standard Model Scattering
The values of cross-sections amongst Standard Model particles are generally well determined, albeit at much higher energy scales. The low energy values presented in Figure 1 are either based on theoretical prediction, or a simple extrapolation from higher energies.
• At low energies, the photon-electron interaction is governed by the Thomson cross section, σ T = 6.65 × 10 −25 cm 2 , which is of the order of one barn.
• Electron-electron scattering is divergent due to the long range Coulomb interaciton.
• Photon-photon scattering is strongly suppressed at energy scales below the electron rest mass, scaling as E 6 . This phenomenon has yet to be confirmed observationally, although recent constraints are approaching the required sensitivity [11] .
• At such low energies, neutrino-neutrino cross sections are poorly understood, here we provide a simple extrapolation from higher energy scales [12] .
• Neutrino-photon scattering is of astrophysical importance, as it is capable of significantly influencing the evolution of stars and the dynamics of supernovae. However at sub-keV energy scales, the elastic process dominates, leaving σ (νγ → νγγ) σ (νγ → νγ) [13] .
• Similarly, elastic scattering from neutral current interactions provides a prescription for the neutrino-electron value [14] .
B. Dark -Standard Scattering
No direct detection of either dark matter or dark energy has yet been made, so we are limited to applying upper bounds to these values. However interactions between the dark sector and standard model particles are quite restricted.
For quoted bounds involving dark matter, these scale linearly as the particle mass, taken here to be 10 GeV/c 2 .
• The dark matter-neutrino bound is based on the detection of neutrinos arriving from SN1987A [15] , which were not appreciably scattered by the intervening dark matter. Applying this analysis to the projected dark energy density leaves a significantly more modest constraint.
• The Thomson optical depth established from observations of the Cosmic Microwave Background anisotropies places a strong lower bound on the mean free path of photons. This acts as a limit on their interactions with the dark sector.
• If electrons were tightly coupled to dark matter or dark energy, this would impact on Cosmic Microwave Background anisotropies.
C. Dark Scattering
We are left with just three components.
• The case of dark matter self-interactions has been well studied [16] [17] [18] . This upper bound stems from the disruption of subhalos which would occur near the centre of clusters. Note that bulk motions are unaffected, as only incoherent motions lead to scattering. This differs markedly from the case of dark matter-dark energy scattering, which we explore in detail in the following section.
• In order to maintain stable density pertubations, dark energy is required to have some internal degrees of freedom. There may therefore be some lower bound on its self-interaction, but our extremely limited understanding of dark energy physics leaves dark energy -dark energy scattering the most uncertain component of Figure 1. • Finally, the dark matter -dark energy cross section, which provides the focus of this work. This weak bound is derived from the impact incurred on the growth of large scale structure, as outlined in the following section.
III. OBSERVATIONAL IMPACT
As discussed in the previous section, indications from known physics suggest that elastic scattering is the most abundant process at the energy scales of interest. Therefore we shall explore a scenario in which dark matter scatters elastically within the dark energy fluid.
In order to define a cross section we must quantise dark energy in some manner. There are two regimes of interest -one in which the effective mass of dark energy is much greater or one in which it is much less than dark matter. For instance, if a physical dark energy exists in a "solid" configuration akin to a network of domain walls or cosmic strings [19] each dark matter particle experiences a finite mean free path before being subject to a dissipationless recoil off the more massive structure. We shall explore the "light" regime, treating the dark energy fluid as being comprised of relativistic particles, and assume the characteristic negative pressure arises via their selfinteraction. In this toy model, the particles merely act as a proxy for the energy density. However ultimately our analysis of the macroscopic behaviour and the conclusions drawn are largely independent of the microphysics involved.
We begin by quantifying the impact dark scattering has on the growth of cosmic structure.
A. Large Scale Structure
The coupled differential equations governing the linear density and velocity perturbations δ, θ, (see eg [3, 20] ) are now modified, and we utilise the subscripts Q and c to denote the dark energy and dark matter fluids respectively. Provided the dark energy quanta are light and relativistic (non-relativistic particles would serve to increase the permitted cross section), the velocity perturbation exhibits a new drag term
where n D is the proper number density of dark matter particles, σ D the scattering cross section between dark matter and dark energy, and we have defined the velocity contrast ∆θ ≡ θ Q − θ c . The combination n D σ D ∆θ represents the fraction of the dark energy quanta which are subject to scattering per unit time. This is somewhat analogous to the Thomson scattering term which couples baryons and photons. Conservation of momentum leads to a similar term arising in the equivalent equation for dark matter, and this introduces a dependence on the dark energy equation of state.
while the remaining perturbation equations are unchanged from their conventional form
The Poisson equation provides the source term
where we sum over the dark matter, dark energy, and baryons. For our purposes the baryons are relatively inert, remaining unscattered by the dark energy fluid. The dark energy sound speed is taken to be c 2 s = 1. We work on scales sufficiently below the horizon, kH 1 such that the dark energy's large sound speed acts to maintain a high degree of homogeneity.
Previous studies of coupled dark energy models characterise the energy-momentum transfer in terms of the 4-vector Q µ , and chose to align it with either the dark energy or dark matter rest frames [3] [4] [5] [6] [7] . Here we have effectively rotated Q µ to be spacelike, such that Q 0 = 0. Since the comoving matter density is conserved, the background H(z) behaves no differently from that of the standard wCDM model. The evolution of density perturbations in Figure 2 is evaluated by numerical integration of the six coupled differential equations, and is seen to depart significantly from the zero-scattering model. The anomalous behaviour in the growth rate f ≡ d ln δ/d ln a is more prevalent at late times, when there is simply more time available for interactions to occur. This fairly rapid onset of deceleration leads to the onset of baryon bias, with δ b /δ c 1.1 at low redshift. There are a number of potential tests for this baryon bias, from the composition of intra-cluster gas to the motions of tidally disrupted stellar streams. It has been noted that an apparent violation of the equivalence principle of around 10% is the upper bound based on current observations [21] .
The modified growth history may also be interpreted in terms of the growth index, defined such that
FIG. 3. The evolution in the growth index as a function of the scale factor. Thick solid and dashed lines correspond to models of dark energy with w = −0.9 and w = −0.99 respectively. As with Figure 2 , the dark matter -dark energy cross section is taken to be 500 b. The dotted line represents the standard case of zero scattering. Below the dotted line, the thin solid and dashed lines correspond to w = −1.1 and w = −1.01 models.
FIG . 4 . The solid contours demonstrate the modification to the growth index induced by dark matter -dark energy scattering, with the cross section taken to be σD = 300 b. The dashed contours provide an example of the bias which may be induced in the gravitational growth index γ by the interacting model outlined in [7] . The standard model is indicated by the black dot.
Ordinarily, General Relativity predicts γ 6/11 − 15/2057 Ω Λ [22] , yet in Figure 3 we see a significant departure from this value, due to scattering between dark matter and dark energy. Provided w > −1, the drag term in (2) slows the growth of structure, enhancing the value of the growth index γ. If one considers w < −1, the sign of the drag term is reversed, thereby accelerating growth, however the physical interpretation of such a model is less clear.
B. Redshift Space Distortions
One of the leading techniques for studying the growth of large scale structure is redshift space distortions. The apparent anisotropy of the galaxy power spectrum provides a measure of the rate at which structure is forming on large scales. In Figure 4 we demonstrate the rise in the growth index as measured by a galaxy survey at z = 0.5, combined with Planck, following the Fisher matrix prescription outlined in [23] . This involves marginalising over the parameter set
The standard cosmological parameters are taken to have fiducial values as derived from WMAP5 [24] . The contours plotted represent the estimated 1− and 2 − σ likelihood contours.
The solid line corresponds to a cross section σ D = 300b and equation of state w = −0.9. Unlike energy exchange models, γ is the only cosmological parameter subject to a bias. The dashed contours correspond to the energy exchange model outlined in [7] , where dark energy decays into a form of dark matter.
C. Virialised Structures
On smaller scales, consider a dark matter halo sat at rest in the dark energy frame. Elastic scattering acts in a similar manner to dark matter self-scattering, which would tend to isotropise the halo. However, if we introduce a velocity-dependent cross-section, halos with a large peculiar velocity could exhibit an unusual behaviour. Dark matter particles with motions aligned with the peculiar velocity would be subject to a greater retardation force, and this may influence the orientation of the halo's ellipticity. A correlation of halo alignment with peculiar velocity may therefore be indicative of interactions in the dark sector.
IV. DISCUSSION
In the event that dark energy takes some physical form (neither a cosmological constant, nor a manifestation of new gravitational physics), then we might expect it to interact in some additional nongravitational manner. Of the interaction cross sections in Figure 1 which are known, they are all non-zero and predominantly elastic. One might imagine that any such coupling within the dark sector must be extremely weak, in order to allow dark matter particles to experience a very long mean free path. However, owing to the persistently low energy density of dark energy, and the fairly low number density of dark matter particles, quite considerable cross sections are permitted. For an equation of state w = −0.9, this can exceed the Thomson cross section by two orders of magnitude before a significant impact is made on the growth of large scale structure. As we approach the limit w = −1, our constraint weakens further.
Of course there are many subtleties which could alter the form of the interaction, such as a velocity-dependent cross-section. This model simply provides a demonstration of the vast volume of parameter space available for interactions between dark matter and dark energy to persist, and evade detection.
In this class of models, we have identified a modification to the growth rate, and an induced baryon bias, two features which are also associated with energy exchange. However, unlike models with energy exchange, the comoving matter density is conserved, and the expansion history remains unperturbed. In addition, a characteristic signature may reside in the alignment of dark matter halos with their direction of motion.
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